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Wiedenheft et al. 10 .1073/pnas.1102716108 SI Materials and Methods Protein Production and Purification. Genomic DNA isolated from strain 14 of Pseudomonas aeruginosa (PA14) was used as the template for PCR amplification of the csy genes (1) . The csy genes were LIC (ligation independent cloning) cloned into expression vectors with and without His 6 -tags, using primers V1 and V2, respectively (Table S2 ). Csy genes were sequentially subcloned into polycistronic expression vectors. Complete nucleotide sequences for each of the vectors are available on the Berkeley MacroLab website (http://macrolab.berkeley.edu/). A synthetic clustered regularly interspaced short palindromic repeat (CRISPR) locus (driven by a T7 promoter) containing eight repeats and seven identical spacers was synthesized by GENEART ( Fig. S2A) .
Csy proteins and the synthetic CRISPR RNA were coexpressed in Rosetta 2 (DE3) Escherichia coli cells that were induced with 0.5 mM isopropyl-β-D-thiogalactopyranoside at OD 600 ¼ 0.5 in overnight cultures grown at 16°C. Cells from the overnight expression cultures were harvested by centrifugation (10;000 × g) for 20 min. The cell pellet was resuspended in lysis buffer (15.5 mM disodium hydrogen phosphate, 4.5 mM sodiumdihydrogen phosphate, 500 mM sodium chloride, 10 mM imidazole, 5% glycerol, 0.01% Triton X-100, 2 mM Tris(2-carboxyethyl) phosphine hydrochloride (TCEP), 0.5 mM phenylmethylsulfonyl fluoride, supplemented with protease inhibitors (Roche) and the slurry was sonicated on ice for 2 min in 10 s bursts. The lysate was clarified by centrifugation (22;000 × g for 20 min) and the His 6 -fusion peptide was bound in batch to Ni-NTA affinity resin (Qiagen). The complex was eluted from the resin in 50 mL lysis buffer containing 300 mM imidazole. The eluted protein was dialyzed at 4°C overnight against gel filtration buffer (20 mM Hepes pH7.5, 500 mM KCl, 1 mM TCEP, 5% Glycerol). Tobacco etch virus (TEV) protease was added to remove the N-terminal His 6 tag. The protein was concentrated (Amicon) for further purification on a Superose 6 size-exclusion column (GE Healthcare) in a buffer containing 20 mM Hepes (pH 7.5), 0.1 M KCl, 1 mM TCEP.
HPLC Purification of CRISPR RNA (crRNA). All samples were analyzed by ion-pair reversed-phased-HPLC on an Agilent 1100 HPLC with UV260 nm detector (Agilent) using a DNAsep column 50 mm × 4.6 mm I. D. (Transgenomic). The chromatographic analysis was performed using the following buffer conditions: (A) 0.1 M triethylammonium acetate (TEAA) (pH 7.0) (Fluka); (B) buffer A with 25% liquid chromatography MS grade acetonitrile (v∕v) (Fisher). The crRNA was obtained by injecting purified intact Csy complex at 75°C using a linear gradient starting at 15% buffer B and extending to 60% B in 12.5 min, followed by a linear extension to 100% B over 2 min at a flow rate of 1.0 mL∕ min. Analysis of the 3′ terminus was performed by incubating the HPLC-purified crRNA in a final concentration of 0.1 M HCl at 4°C for 1 h. The samples were concentrated to 5-10 μL in a vacuum concentrator (Eppendorf) prior to electrospray ionization mass spectrometry (ESI-MS) analysis.
ESI-MS Analysis of crRNA. ESI-MS was performed in negative mode using an ultra-high resolution time-of-flight mass spectrometer (maXis) or a high-capacity ion trap Ultra post-translational modification Discovery instrument (both from Bruker Daltonics), coupled to an online capillary liquid chromatography system (Ultimate 3000). RNA separations were performed using a monolithic (Polystyrene-divinylbenzene) capillary column (50 mm × 0.22 mm I.D.). The chromatography was performed using the following buffer conditions: (C) 0.4 M 1,1,1,3,3,3,-Hexafluoro-2-propanol (Sigma-Aldrich) adjusted with triethylamine to pH 7.0 and 0.1 mM TEAA, and (D) buffer C with 50% methanol (v∕v) (Fisher). RNA analysis was performed at 50°C with 20% buffer D, extending to 40% D in 5 min followed by a linear extension to 60% D over 8 min at a flow rate of 2 μL∕ min. RNA fragmentation was done using 250 ng crRNA with 1U RNase A or RNaseT1 (Applied Biosystems). The reaction was incubated at 37°C for 4 h. The oligoribonucleotide mixture was separated on a PepMap C-18 RP capillary column (150 mm × 0.3 mm I.D., Dionex) at 50°C using a gradient starting at 20% buffer C and extending to 35% D in 20 min at a flow rate of 2 μL∕ min. The mass spectrometer was set to select a mass range of 250-1500 m∕z and the capillary voltage was kept at −3;650 V. Oligoribonucleotides with −2 to −4 charge states were selected for tandem mass spectrometry using collision-induced dissociation.
Protein and Native Mass Spectrometry. Csy complexes were analyzed in 0.15 M ammonium acetate (pH 8.0) at a protein concentration of 5 μM. This protein preparation was obtained by five sequential concentration and dilution steps at 4°C using a centrifugal filter with a cut-off of 10 kDa (Millipore). Samples were sprayed from borosilicate glass capillaries and analyzed on a LCT electrospray time-of-flight or modified quadrupole time-of-flight instruments (Waters) adjusted for optimal performance in high mass detection (2, 3) . Exact mass measurements of the individual Cas proteins were acquired under denaturing conditions (5% formic acid). Subcomplexes in solution were generated by the addition of 2-propanol to the spray solution to a final concentration of 5% (v∕v). Instrument settings were as follows; needle voltage was 1.2 kV, cone voltage was 175 V, source pressure 9 mbar. Xenon was used as the collision gas for tandem mass spectrometric analysis at a pressure of 1.5 10 −2 mbar. The collision voltage varied between 10-200 V.
Isothermal Titration Calorimetry (ITC). DNA oligonucleotides were purchased from Integrated DNA Technologies (IDT) and purified by gel filtration using the buffer described for the purification of the PaCsy complex. Mature crRNAs were isolated from the Csy complex using the mirVana™ kit (Ambion) and eluted in the same buffer. The extinction coefficient for the PaCsy ribonucleoprotein complex was estimated according to the total absorbance at 280 nm using the following formula (ε ¼ ½ð5
Experiments were performed using an ITC200 instrument (Microcal LLC) at 25°C. In each experiment the DNA oligo was loaded into the syringe and titrated into the sample with stir rate of 1,000 rpm. The first dummy injection (0.4 μL) was followed by 20 × 2 μL injections. Each injection was separated by 240 s to obtain a flat baseline between injections. Experimental isotherms were fitted according the thermodynamic parameters ΔH (enthalpy) and K a (association constant), using Origin 7.0. All curves were fit using a nonlinear least-squares "One Set of Sites'' (1∶1 interactions) model. Baseline fitting and peak boundaries were performed automatically with manual corrections.
Electrophoretic Mobility Shift Assays (EMSA). Binding assays were performed by incubating the Csy complex with <0.5 nM of the 5′ 32 P-labeled nucleic acid. Each reaction included 25 mM Hepes pH 7.5, 100 mM KCl, 1 mM TCEP, 1% glycerol, 1 mM MgCl 2 , 1 mg∕mL tRNA. All reactions were incubated for 15 min at 37°C prior to electrophoresis on 6% polyacrylamide gels. Gels were dried and exposed using phosphor storage screens, scanned with a phosphorimager (GE Healthcare) and quantified using Kaleidagraph (Synergy software).
Electron Microscopy. The Csy complex was stained with 2% uranyl acetate on glow-discharged carbon-coated copper grids. Electron microscopy was performed on a Philips CM120 equipped with a LaB6 tip operating at 120 kV. Images were recorded with a Gatan 4000 SP 4K slow-scan CCD camera at 130,000 magnification at a pixel size of 0.23 nm (after binning the images) at the specimen level with GRACE software for semiautomated specimen selection and data acquisition (4). Single particle projections were selected from micrographs mainly by reference-based automated particle selection procedure incorporated into GRIP (GRoningen Image Processing) software (5) . Approximately 28,000 single particles were extracted from 578 electron micrographs. Single particle datasets were analyzed with the GRIP software using multireference alignments and no-reference alignments, multivariate statistical analysis, and hierarchical ascendant clas-sification. The final two-dimensional projection maps were calculated from the best-resolved classes by summing the projections based on the correlation coefficient determined in the alignment step. The number of particle in each class average displayed in each panel ( Fig S4) .
Small Angle X-ray Scattering. SAXS data were measured at the Advanced Light Source (Lawrence Berkeley National Laboratory) on beamline 7.3.3. Solution scattering of the Csy complex was collected at room temperature (approximately 22°C) in a 20 μL sample cell at 10 keV (1.24 Å). The sample-to-detector distance was set to 3,056.69 mm resulting in scattering vectors (q) ranging from 0.0141 Å −1 to 0.1369 Å −1 . Two-dimensional scatter curves were transformed and distance distribution functions PðrÞ were calculated using GNOM (6) . Twenty independent bead models were generated by simulated annealing using DAMMIF (7) and these models were aligned, filtered and averaged based on occupancy using DAMAVER (8) . The SAXS bead models were converted to volumetric format using the pdb2vol convolution kernel in the Situs software package (9) . A schematic of the mature crRNA from each CRISPR loci is shown above the two tables that list all the spacer sequences form that CRISPR. The repeat sequence within each CRISPR is highly conserved and the repeat sequence between the two CRISPRs differs by only a single nucleotide (G vs. A) in the loop of the crRNA (red). Each spacer was queried against the nonredundant database [National Center for Biotechnology Information (NCBI)] using BLAST (10) . Whereas most spacers are unique ("No Hit"), the nonunique spacers usually map to phage known to infect Pseudomonas. Sequences complementary to spacers have been termed; proto-spacers and all identified spacer/proto-spacers pairs are aligned (gray boxes). A proto-spacer adjacent motif (PAM) has been previously identified (11) . Sequence 3′ of the proto-spacer is shown for all hits and PAMs are shown in green. The identification of each target is listed below the spacer number (Left) and the target strand (mRNA or template), as well as the NCBI gene identification numbers are listed on the right (i.e., m_3197177). Single nucleotide polymorphisms are shown in red. Genome organization of the Csy-type immune system from P. aeruginosa (PA14) and the Cse-type immune system from E. coli (K12). The "core" cas genes are shown as white arrows and the subtype specific cas genes are display as gray arrows. Csy4 and Cse3 (CasE) are CRISPR specific endoribonucleases that exclusively bind and specifically cleave their own CRISPR RNAs (gray oval with blue outline). The Csy proteins (Csy1 1 ∶Csy2 1 ∶Csy3 6 ∶Csy4 1 ) and a crRNA assemble into a 350 kDa ribonucleoprotein complex. The three dimensional shape of this complex has been determined by small angle X-ray scattering (SAXS model displayed far right). This complex is similar to, but distinct from the Cascade complex (CRISPR-associated complex for antiviral defense; gray) from E. coli (12, 13) . Cascade is a 405 kDa complex comprised of an unequal stoichiometry of Cse proteins, which have been renamed CasA-D (CasA 1 ∶B 2 ∶C 6 ∶D 1 ∶E 1 ) and a crRNA. A SAXS reconstruction of this complex reveals a seahorse shaped particle with a twist along the spine (gray) (13) . (B) Amino acid sequences of Csy4 from the PA14 strain of P. aeruginosa (PaCsy4) and Cse3 form E. coli (EcCasE) are 18% identical. Structure guided mutations of Csy4 have identified key catalytic residues (H29, S148 and Y176, arrows) (PDB ID: 2xli, 2xlj, and 2xlk) (14) . A structure of Cse3, a CasE homolog from Thermus thermophilus (PDB ID: 1WJ9), has also been published and mutational analyses in E. coli have identified H20 as a catalytically essential residue (arrow) (12, 15 ). (C) The Csy complex contains 6 copies of Csy3, whereas Cascade contains 6 copies of Cse4 (CasC). Although these two sequences share limited sequence identity (15%), the stoichiometry of these proteins indicates that they may contribute a common architectural role to their respective complexes. Sequence alignments were preformed using M-Coffee (16) and display using ESPript (17) . 
